The objective of this article is to perform a numerical modeling on the flow dynamics around a competitive female swimmer during the underwater swimming phase for a velocity of 2.2 m/s corresponding to national swimming levels. Flow around the swimmer is assumed turbulent and simulated with a computational fluid dynamics method based on a volume control approach. The 3D numerical simulations have been carried out with the code ANSYS FLUENT and are presented using the standard k-ω turbulence model for a Reynolds number of 6.4 × 10 6 . To validate the streamline patterns produced by the simulation, experiments were performed in the swimming pools of the National Institute of Sports and Physical Education in Paris (INSEP) by using the tufts method.
The knowledge of the fluid flow patterns around a swimmer is a powerful means to optimize the hydrodynamic performances in swimming. The majority of works in literature carried out in the field of swimming deal with experimental research such as drag measurements (Taïar et al., 2005; Sheehan & Laughrin, 1992) . Due to the complexity in the use of different experimental measurement techniques, researchers are oriented toward the numerical simulation using computational fluid dynamics (CFD) method. This method was used for the first time in swimming in an article by Bixler and Riewald (2002) . They used CFD to approximate the flow around the hand/ forearm of a swimmer.
Several studies in CFD underwater swimming have been previously published by the present authors. Table 1 summarizes these studies and the main results found.
The present study is an extension of these previous works since it concerns the 3D case combined with a specific turbulence model, namely the k-ω one. This model was found to be the only one that can correctly predict separation phenomena (Zaïdi et al., 2010) .
Numerical results obtained by Zaïdi et al. (2008) for 2D geometry have revealed that the position of the head had a noticeable effect on the hydrodynamic performances. The analysis of these results made it possible to propose an optimal position of the swimmer head in underwater swimming. More recently, five turbulence models have been tested in both a 2D configuration and steady hydrodynamic state. The comparison between these models and experimental results by Zaïdi et al. (2009) reveals that the standard k-ω turbulence model is the most appropriate to predict the flow around the swimmer. More recently, Zaïdi et al. (2010) have studied a 3D geometry using a CFD code. Two turbulence models were tested, namely, the standard k-ε turbulence model and the standard k-ω turbulence model, to predict the resistance force to advancement during the underwater swimming phase. The comparison between numerical results and experimental measurements of drag forces (Zaïdi et al., 2010) shows that the standard k-ω model accurately predicts the drag forces whereas the standard k-ε model underestimates their values.
In this article, a comparison can be made between the CFD simulations using the standard k-ω turbulence model and the results of experiments by investigating the streamline flow patterns around a female swimmer.
Methods
The flow around the swimmer is fully turbulent (Zaïdi et al., 2008 (Zaïdi et al., , 2009 (Zaïdi et al., , 2010 . The turbulent flow is governed by the Reynolds-averaged Navier-Stokes (RANS) equations. These equations are obtained by introducing the Reynolds decomposition, which consists in considering that, in turbulent flows, each instantaneous variable is the sum of a mean component and a fluctuating component. Then, the time averaging of the instantaneous equations leads to the following system of averaged equations.
Continuity equation:
Navier-Stokes equations:
By referring to the work of Zaïdi et al. (2010) , one of the weak points of the standard k-ε turbulence model concerns the modeling of the near-wall region, where the dissipation rate (ε) is difficult to specify .The standard k-ω model aims at overcoming this difficulty by solving the transport equation of the specific dissipation rate (ω) instead of the dissipation rate (ε). This model is well suited to wall-bounded flows like the flow around the body contour of the swimmer.
The standard k-ω turbulence model is an empirical one based on transport equations for the turbulence kinetic energy per unit mass (k) and the specific dissipation rate (ω). Two additional transport equations for the turbulence kinetic energy per unit mass (k) and the specific dissipation rate (ω) are solved. These equations are as follows.
where Y k , Y ω are the turbulent dissipations of k and ω, respectively, and P k , P ω are the product of k and ω due to mean velocity gradients. The nomenclature used in the four equations is as follows. Spatial discretization is computed with a CFD method based on a volume control approach employed to solve the governing equations (1-4). 
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Numerical study (2D) Standard k-ε turbulence model
The position of the head had a noticeable effect on the hydrodynamic performances, strongly modifying the wake around the swimmer. The drag was reduced about 20% if the head of the swimmer is kept aligned instead of being lowered.
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Numerical study (3D)
Standard k-ε and Standard k-ω
In 3D geometry, the k-ω standard model accurately predicts the drag forces whereas the k-ε standard model underestimates the values of the drag force.
The construction of the 3D geometric model of the swimmer is similar to that used by Zaïdi et al. (2010) , especially concerning the upstream and downstream distances from the body. The geometry is made from digital photographs of the whole body of a national-level female swimmer. The photos were taken at the INSEP during underwater starting phases.
Due to the complex geometry, an unstructured meshing, with triangular elements is chosen. The grid of the fluid area was realized by means of TGrid software (Figure 1) . The meshing was refined near the surface of the swimmer and coarse when it is far so that the computational time will not grow heavily.
The experimental protocol, performed in the swimming pools of INSEP, was inspired by the studies of Tagori (1984 Tagori ( , 1985 , Hay and Thayer (1989) , and Toussaint et al. (2002) . Flow visualizations were performed by using the tufts method (Figure 2c ). The tufts were fixed directly to swimsuit and their length was chosen (0.08 m) to highlight the structure of the flow around the swimmer's body and to respond promptly to changes in the direction of the flow with a specific gravity equal to that of the water, ensuring neutral buoyancy. Flow visualizations were taken with a camera, Canon EOS 300D, at 25 Hz.
Results
The 3D streamline patterns around a female swimmer are shown in Figures 2a and 2b to highlight the flow structure around the swimmer's body. Many main large-scale vortices are noted on both sides of the head, at the lower back level and in the back of buttocks. One can observe separation zones at the back of the head with reattachment phenomena at the swimmer's shoulder level. In addition, one can also notice a flow separation starting at the tip of the nose and reattaching on the breast as well as another flow separation starting at the lower part of the back and reattaching at the upper part of the buttocks. Figure 2c shows experimental visualizations of the surface flow around the swimmer's body in the underwater phase of start, where separations are clearly evidenced. The tufts indicate the preferred directions of the flow around the body. Indeed, the tufts are parallel together on the areas of the bust and the hips.
One can also observe from flow visualization an upward orientation of the tufts at the back of the head, the upper part of the back, and the upper part of the buttocks. However, at the bust level, the lower part of the neck, the tufts are downward. These phenomena indicate the existence of large-scale recirculation zones. In fact, because of the nonuniformity and complexity of the human body, complex turbulent zones are generated around the swimmer (Lyttle, 1999) , particularly in the regions with sudden changes in the body shape, such as head, shoulders, elbows, knees, and buttocks (Clarys, 1979) .
At the neck level, the tufts are not parallel in the main flow direction. They have a downward orientation. In Figures 3 and 4 , one can see, numerically and experimentally, a large-scale recirculation zone at the neck level. This part of body corresponds to a concave geometry, which explains the existence of vertical phenomena. 
Discussion
This paper presents flow visualizations around a swimmer, obtained from a numerical analysis and validated from experimental studies. In the vicinity of the swimmer's body, numerical streamlines reveal complex turbulent zones generated, particularly in the regions with sudden changes in the body shape, such as head, shoulders, and buttocks.
Separation areas at the back of the head combined with reattachment phenomena at the swimmer's shoulder level have clearly revealed that the flow around a swimmer is a highly vortical-like. Complex vortices are present in such case, giving a precise idea of the 3D turbulent behavior of the flow dynamics. These conclusions are in good agreement with what experimental observations had revealed using the tufts method in a swimming pool. Other flow separations starting at the tip of the nose with its reattachment on the breast and starting at lower part of the back with its reattachment on the upper part of the buttocks have been numerically revealed. These conclusions can also be observed from flow visualization with an upward orientation of the tufts at the back of the head, at the upper part of the back, and at the upper part of the buttocks. On the contrary, at the bust level, the lower part of the neck, the tufts were downward, confirming the existence of large-scale recirculation zones.
At the neck level, the tufts are not parallel together in the main flow direction, having a downward orientation. Both numerical and experimental approaches indicate a same large-scale recirculation zone at the neck level, due to the concave body's geometry at this place. Moreover, this study indicates that the tufts method is an efficient tool to analyze the flow dynamics around the swimmer. The results of experiments performed with national-level Results produced by the standard k-ω turbulence model have been validated by flow visualization using the tufts method (Zaïdi et al., 2008; Tagori, 1984) , where flow separation and reattachment areas are evidenced. The standard k-ω turbulence model seems to be appropriate to be used to predict the vortical structures that develop along the swimmer's body during underwater swimming, such as at the tip of the nose with its reattachment on the breast and starting at lower part of the back with its reattachment on the upper part of the buttocks. In addition, one can observe large-scale vortices on both sides of the head, at the lower back level, and in the back of buttocks.
